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Abstract

The photoproduction of p® and p* mesons from the proton will be used to
study the baryon resonance region between 1.66 and 2.22 GeV center-of-mass
energy. The pN channel is known to be a significant branch for the decay of
baryon resonances in this energy region. The measurement will employ a linearly
polarized photon beam produced by coherent bremsstrahlung from a diamond
crystal to measure the beam asymmetry and the spin density matrix elements
of the two-pion decay of the p mesons. The spin density matrix elements and
polarization asymmetry of the p decay will be extracted as functions of the
squared four-momentum transfer ¢ and the center-of-mass energy /s. This will
facilitate the search for baryon resonance contributions and provide new physics
information on diffractive, ¢t and u-channel processes. The proposed experiment
will probe the lower energy region (1.0 < E, < 1.5 GeV) with an average photon
polarization of 60% by using a 4 GeV electron beam. A .second run with a
6 GeV electron beam will permit measurements in the energy regime 1.4 < E, <
2.15 GeV with an average photon polarization of 70%. The 100 MeV overlap

will allow for cross checking and comparing the results of the two runs.



1 Introduction

We will measure the photoproduction of p mesons by using linearly polarized photons,
emphasizing the production via p/N decay of baryon resonances. The measurement of the
complete angular distribution of the p meson and its decay products when photoproduced by
linearly polarized photons will result in a set of rigid constraints necessary for the ultimate
extraction of the masses, partial widths, and helicity amplitudes of those resonances decaying
via the p/N channel.

The quantities to be measured in this experiment are the spin density matrix elements of
the p meson. These observables, three from unpolarized photoproduction experiments and
six additional ones with a linearly polarized photon beam, are extracted in the rest frame of
the p by measuring the polar and azimuthal angular distributions of the decay 7+ referenced
with respect to the orientation of the photon spin. Data to be obtained over the full Bab
range and over a large incident photon energy range will allow us to extract the spin density -
matrix elements as functions both of the square of the four-momentum transfer ¢ and of the
c.m. energy /s. By using CLAS, the photon tagger and a continuous electron beam, we
will be in the exciting position to perform these measurements with full angular coverage,
low systematic uncertainties and high statistics.

Linearly polarized photons at high energies have been used to determine the natural
parity character of the pomeron exchange in the Vector Dominance Model. At resonance
energies (< 2.4 GeV), the high energy approximation used to separate natural and unnatural
parity exchange no longer holds. Instead, the coupling of the excited baryon is now sensitive
to the spin of the incident photon. Unlike diffractive p photoproduction, the spin-bf the
photon is not directly transmitted to the p meson. We expect to see a much different
behavior of the spin density matrix elements at energies where resonance contributions are
important compared with higher energies.

Processes other than resonance formation will also contribute to the p photoproduction
cross section. The diffractive and t¢-channel exchange contributions, for example, will dom-
inate the cross section at low ¢, while u-channel exchange will be large at high f. These
processes are of interest in their own right and interference effects with resonant p photo-
production may well be a significant effect. We will be measuring over the full kinematical

range in ¢ and thus will be sensitive to all of these processes.



2 Motivation

The spectrum of excited states of a system of bound particles provides a window to the
underlying interaction. Just as in nuclear spectroscopy, where the excited-state spectrum
reflects the quantum many-body configuratious of nucleons and mesons interacting via the
strong nuclear force, so does baryon spectroscopy afford us the opportunity to study the
interaction of quarks and gluons in excited states.

An important motivation for studying the spectrum of baryon resonances with photons is
to obtain information on the photoproduction amplitudes of the individual resonances. Most
of our knowledge of the baryon resonance spectrum has come from the reactions 7N — /N,
YN — zaN,and 7N — 77w N. At center-of-mass energies below 1.7 GeV, the single pion
production channel dominates both the pion and photoabsorption cross sections. As the
c.m. energy increases towards 2.0 GeV the two-pion decay channel becomes more dominant,
and it is in this important energy region that the masses and partial widths of the resonances -
are poorly determined.

An outstanding problem in our current day understanding of baryon spectroscopy is
that of the missing resonances. For example, the SU(6) symmetric quark model predicts
many more resonances than have been thus far observed. One solution is to restrict the
number of internal degrees of freedom by assuming that two quarks are bound in a diquark
pair [1], thus lowering the level density of baryon resonances. An alternate solution has been
put forward by Koniuk and Isgur [2] and others [3],[4]. In these calculations it has been
found that the missing resonances tend to couple weakly to the #N channel and strongly
to the 7w N channel. Since most of our information on the baryon resonance spectrum
comes from partial-wave analyses of 7N — 7N measurements, the reason for these ‘missing
states’ may be purely an experimental problem. The models predict that these resonances
will have a reasonable coupling to the photon. For this reason, several approved CEBAF
photoproduction [5] and electroproduction [6] experiments using unpolarized probes will
search for resonances decaying via p/N and other two-pion decay channels. We expect the
identification of many of these resonances, with their broad widths and narrow spacing, to
be difficult. The sensitivity afforded by linearly polarized photons will provide additional
constraints in identifying these resonances.

Experimentally, several difficulties are immediately apparent. The number of resonances



extracted either from the analyses of pion production data or from the theoretical predictions
is large. In addition, the resonance widths are broad (typically ~ 150 MeV), and one is faced
with the problem of disentangling many overlapping resonances. In general, a complete
phase-shift analysis is required to extract the helicity amplitudes for the various resonances.
An analysis of this sort demands both unpolarized photoproduction data, and a complete
set of polarization experiments in order to extract fundamental information from the set of
bilinear combinations of helicity amplitudes obtained from any one of these experimental
conditions.

There have been several independent partial-wave analyses of the reactions 7N — 7N
and 7N — wN 7], [8]. There have also been isobar-model partial-wave analyses for the
reaction 7N — 7w N. The Kent State multichannel resonance analysis has been published
[9], and an extensive review of the 7N — 77N analyses can be found in Ref. (10]. To our
knowledge, no such analysis has been performed for YN -z N.

The analysis of the YN — 7z N reaction involves siz isospin arhplitudes. If the analysis
is restricted to the pN decay channel only, the number of isospin amplitudes contributing in
the partial-wave analysis reduces to three: however, the analysis of this reaction is further
complicated by the nonzero spin of the p meson. Since there are more ways that a spin-1
particle can couple to the nucleon than can a spin-0 particle, there will be a greater number of
partial waves for a given [, J, and parity. It is clear from the large number of amplitudes that
would be required for such an analysis that complete sets of data are necessary, including
cross sections, angular distributions from both unpolarized and polarized photoproduction

experiments, and polarized target data.



3 Physics

3.1 The Decay Angular Distribution

The goal of the proposed experiment is to measure the reactions vp — p°p and yp — ptn
by using linearly polarized photons in the energy range of 1.0 < E, <215 GeV. In a
practical sense, we will be measuring the spin density matrix elements Pap Which determine
the angular distribution of the two-pion decay of the p meson. The upper index is related

to photon spin by the Pauli spin matrices,

1_1
(0% p") = H(ZL, =c™)H! n =123
22
where H is the helicity amplitude matrix. The lower indices of Pasr @B = —1,0,1, corre-

spond to the possible helicity states of the vector meson. The complete angular distribution

W(cos8, ¢, ®) is given by [11],

W(cos,4,®) = W'(cosb,d,p05) - P, cos 20 W'(cos 8, ¢, p} 5)
—  Pysin 29 W?(cos 0, ¢, o) (1)

where

W(cost, ¢, p7,5)

3 1 1

4—;[5 sin? 6 + 5(3 cos? 8 — 1)p5,

—v2 Re Plosin 20 cos ¢ — p°_, sin? @ cos 2¢

1
3 .
W'(cos8,0,pL) = lpbysin®0 + phycos?
—V2 Re p!,sin 20 cos ¢ — pr_, sin?fcos 2¢
10 1-1

3
W(cosb,¢,p25) = 4—7r[\/§ Im plysin 20 sin ¢ + Im p?_, sin? @sin 2]

6 and ¢ are the polar and azimuthal angles of the =+ decay product in the helicity reference
frame' and P, is the degree of linear polarization of the photon beam. Shown in F ig. 1is
the graphical depiction of these angles.  Thus, with linearly polarized photons, one has
access to six more independent spin density matrix elements than can be obtained in an

unpolarized vector meson photoproduction experiment. By using CLAS, we will measure

'The z-axis is defined as the direction opposite the proton in the total c.m. system. The direction of
the decay 7t in the p rest frame defines the polar angle # and the azimuthal angle ¢ (with respect to the

production plane); ¢ is the angle between the photon polarization vector and the production plane.
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Figure 1: Helicity reference frame. & is the azimuthal angle of the electric vector £ of the
photon, and 8 and ¢ are the polar and azimuthal angles of the decay »+.

the angular distribution (and hence the spin density matrix elements) of the p production
both as a function of ¢ and of the incident photon energy.

‘The density matrix elements from diffractive photoproduction have been measured pre-
viously in bubble-chamber experiments, using a linearly polarized photon beam at SLAC
[12] with photon energies of 2.8 and 4.7 GeV for lt| < 0.4 (GeV/c)’. The measured density
matrix elements at these kinematics give rise to an angular dependence that is characteristic
of natural-parity exchange (pomeron exchange) in the ¢ channel and of s-channel helicity
conservation, as one would expect if the helicity of the vector meson mimics that of a. real
photon. Shown in Fig. 2 are the SLAC data, displayed as a function of cosf and as a func-
tion of ¢ = ¢ — & (with 8, #, ® as defined in the footnote on page 5). For a polarization of
F, =1, s-channel helicity conservation demands that the two-pion products of the p° have
a decay angular distribution given by sin? 0cos 2¢, and this is reflected in the data. The
decay products from the p decay lie preferentially in the plane where ®, the angle made by

the photon electric polarization vector and the production plane, is equal to the azimuthal

decay angle of the .
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Figure 2: Angular distributions of decay pions for low-|t| data from SLAC (9] in 4p — p%.

Another way to determine this feature is to measure the photon asymmetry parameter

n=W"9L

a|+oy

Here g) (o) is the cross section for the pions from p° decay (6 = /2, ¢ = T/2), to emerge
in the plane of the photon polarization (or perpendicular to it). In terms of the differential

cross section, W(cos 8, ¢, ®), & can be recast as

5 Wicos 3,7, %) — W(cosZ, £,0)
Wi(cos Z,Z, 7))+ Wi(cosZ, > 0)

This asymmetry can be rewritten in terms of the measurable density matrix elements as

E — .P 2(p{.1 +p}—l)
"1 —p% + 203,

For purely diffractive p° photoproduction, £ = 1. Any deviation from this value is an

(2)

indication that nondiffractive processes are present.

3.2 Density Matrix Elements and Helicity Amplitudes

The meeting ground between experiment and theories predicting the baryon excitation spec-

trum is the helicity amplitudes. Following the formalism of Ref. [13], we note there are six
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independent helicity amplitudes of yp — pN, Hy 5000 (V/5,6,8). These helicity ampli-
tudes can be expanded in terms of the parity-conserving partial-wave helicity conserving
amplitudes, Hﬁf\p',\TAN(\/E), where the 1 has to be chosen to be equal to + or —. depending
upon whether the parity is equal to +(—1)’~ or to —(~1)/"7. For the sake of brevity, we

write
J
Hi& Hi]‘il‘ H2J _Hllil
J+ J+ J+ J+
Hr.'i H1115 H4 Hl'l——
Hi* = HJ " Hi* = Hol -1
2

The relationship between the spin density matrix elements and the helicity amplitudes
can be determined explicitly. Table 1 lists the helicity amplitude dependence of the spin
density matrix elements. As an example, we explicitly write out two of the six linearly
polarized density matrix elements,? p!, and pi_,, which appear in the numerator of the
asymmetry parameter L (see eq. 2). Clearly, high quality measurements of these matrix
elements, accessible in a linearly polarized photon experiment, will severely constrain any
analysis seeking to extract the helicity amplitudes for this reaction.

In a simple model calculation, Roberts [14] treats the process YN — pN. The four
processes that are involved in p-meson photoproduction are depicted in Iig. 3: diffractive
scattering, {-channel exchange, u-channel exchange and production of p-mesons via the
decay of an s-channel resonance. Of these, only s-channel exchange of baryon resonances is
assumed; the model is intended simply to illustrate what might be observed due to s-channel
resonances. For this calculation, the predicted resonances with JZ = 1/2%, 3/2%, and
5/2%* [3] are used. This means that there are 26 states, listed in Table 2, that contribute
to the amplitudes. Note that of these 26 predicted states, only 11 are well established (as

indicated by the **** rating) and several have not yet been observed. More details of the

*The density matrix elements can be written in terms of the incident photon energy E., the total angular

momentum J, and the partial-wave helicity amplitudes, ;. For example

J+1)?

2 -
p}l = Z( 32E2 Hle){d djl,ae dJ%%d;%C 2¢}+R.C(H3H4){d1:\dia C dJLSdé%E
and
pl - Z(2J+ I)ZRe(H H'){d" dl. = df e—4i¢}+Re(H H‘){(d'i )2+(dJ )QE—4£¢}
SRR T Yop SRS £ 2 § B RS AN -43 '

Here, the di?_,\N As—Ays 2Fe the Wigner rotation functions.
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Table 1: Partial-wave helicity amplitudes that go into a given density matrix element. H;

stands for H;H“' (t=1,...,6).

Jo Partial-Wave Helicity Amplitudes

Pdo |52, | Hel*
Mo | Re(HyH;), Re(HoHy), Re(HyHS), Re( HyH)
o Hy 3, HyH;
oo Re( 3 H;)
Py Re(H,H;), Re(H3H})
oy Re(H, H;), Re(H, H;)
ol HyHz, HoHy, HyHe, HyH:
P, iRe(H1Hy), iRe(H, H})
e iHyHZ, iHyH i Ho ., (H H

models used to calculate these couplings and masses can be found in Refs. [3],[4],(15], and
[16]. Further details of the photoproduction model calculation can be found in Ref. [14].

As an example, the calculated asymmetry T from this model for the process +N —
N%+(1910) — pN, where Ng—+(1910) is the single %+ state at 1910 MeV | is shown in Fig. 4.
Two cases are displayed. The pN decay of the N%+(1910) resonance can be expanded into
three partial waves, one of which has an amplitude nine times greater than the other two.
The differences between the two curves arise only from the changing of the sign of this largest
amplitude. Clearly, in this model, the polarization asymmetry is sensitive to the underlying
physics.

Using the model by Roberts, we have calculated three cases: 1) all twenty-six resonances
included; 2) none of the missing resonances included except for the N%+(1910); and 3) all
of the missing resonances included except for the N%+(1910). Figure 5 shows two of the six
p decay density matrix elements (p}, and p}_;) that one obtains by using linearly polarized
photons at three different c.m. energies. We observe in eq. 2 that the numerator of ¥ is
formed of the sum of these two density matrix elements. The effect of the N%+(1910) is most

dramatic at the resonance centroid energy and at 8., = 90°. This is precisely the kinematical
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Table 2: States that are used in the model calculation. States from the partial-wave analyses

are listed (along with their overall rating) in the same row as our model state assignment.

‘Missing’ states are those with no experimentally observed analogs.

model state | N7 state assignment | rating
[V3 7 1i(1460) N17(1535) -
[V 3 12(1535) N17(1650) orks
[N371:(1495) N37(1520) -
[N37]5(1625) N27(1700) -
[N3711(1630) N$7(1675) —_
[N ¥12(1540) N 1¥(1440) 44k
[¥4¥1s(1770) NitaT10) -,
[N1+],(1880)
[¥1115(1975)

[N27],(1795) N3*(1720) I
[N2¥],(1870)

[N&F15(1910)
[N£¥14(1950)
[N2)5(2030)

[N$*1(1770) N3t (1680) ki
[N%+]2(1980) N%+(2000) *k
[N$¥15(1995)

[A37]1(1555) Al7(1620) -
[A371(1620) AZ™(1700) N—
[A17],(1835)

[A17x(1875) Al*(1910) kA
[A3T1,(1795) A% (1600) £+
(A5 1(1915) A$%(1920) ik
[A3%],(1985)

[A%*]1(1910) AS*(1905) -
[A5715(1990) AE*(2000) o

11
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Figure 4: The photon asymmetry T for the N%+(1910) calculated by Roberts [14]. The two
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amplitude.
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region where the nonresonant backgrounds, which arise from diffractive scattering and ¢ and

u-channel processes, have been reduced the most.

3.3 u-channel processes

From the duality principle, the cross section for p photoproduction can be calculated, in prin-
ciple, by summing over all possible £-channel meson-exchange processes [Fig. 3(b)], or over
all possible s-channel plus all possible u-channel baryon-exchange processes. The porneron
exchange contribution to diffractive scattering of Fig. 3(d) needs to be added as a special
case, as the effects of pomeron exchange in the {-channel are understood to be in addition
to those of meson exchange. It is obviously more efficient to sum over ¢-channel exchange
processes when in the diffractive (low-f) region, as a sum over s plus u-channel processes
will require a large number of intermediate baryon states for convergence. Similarly, in the
resonance region a {-channel sum will yield only the average cross section and will not show
the characteristic energy dependence attributed to baryon resonances.

Constructing the cross section from a model, and likewise extracting resonance para-
meters from an analysis of the cross section, will therefore require different approaches in
different kinematical regions. The s-channel sum used here by Roberts for an estimate of
the resonance region cross section needs to be supplemented by the terms representing the
u-channel diagrams of Fig. 3(c). If we work within time-ordered perturbation theory, in
lowest order these diagrams will be suppressed relative to the s-channel diagrams because of
energy denominators which are increased by the presence of the initial photon and the final
p In the intermediate state. For a given intermediate baryon resonance, the /3 for which
the denominator is minimized, is pushed up to a higher value, and the minimum attained
is significantly larger, relative to the s-channel diagram.

A coherent sum of such u-channel diagrams has been shown to possess a peak in backward
directions for the similar process of Compton scattering from the nucleon [17], as seen in the
p photoproduction data at high ¢ values. This demonstrates the need for such diagrams if we
are to model the cross section at all values of s and ¢ of interest in this experiment. It is our
intention [18] to build a more sophisticated model of resonance-region p photoproduction

which builds on that of Roberts reported on here by the addition of these diagrams.
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Figure 5: Predictions of the theory by Roberts [14]: (dashed line) only one missing resonance
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3.4 Previous Measurements

The combined cross section for diffractive and t-channel exchange p° photoproduction peaks
at forward angles with a ¢ dependence given by do/dt = Ae~ B, The contribution from the
u-channel exchange term peaks at backward angles. Data obtained at 3.5, 4.0, and 6.0 GeV
show that the backward angle cross section is described by do/du = Ce=P™ [19],[21].

Many experiments have been performed on the photoproduction of the p°, including
some polarization experiments. Most of these experiments were performed at a photon
energy of 3 GeV or greater, but at very low t. The experiments performed with linearly
polarized photon beams at SLAC [12] used a bubble chamber detector and hence suffered
from low statistics. The results from this experiment can be explained purely in terms of the
Vector Dominance Model as if the reaction proceeds almost entirely through natural-parity
exchange in the ¢ channel and is s-channel helicity conserving, as would be expected from
diffractive photoproduction. Very few data exist in the energy regime near /s = 2.0 GeV
or lower or at a [t| much larger than 0.4 (GeV/c)® The data shown in Fig. 6 were obtained
with a continuous bremsstrahlung beam.  Shown in Fig. 7 are data [19] taken over the
full ¢-range at E, = 4.0 GeV, showing the exponential fall-off from the low-¢ processes, a
minimum (usvally near f.m = 90°), and the rise in the cross section at high { due to u-channel
exchange. Figure 8 shows an extrapolation of the high-energy data to E, = 1.6 GeV using
the measured s-dependence from Ref. [19].

In the photon energy regime near 1.6 GeV (/s = 1.95 GeV), one would expect to see
some indication of resonance production. Data taken at DESY by two separate groups [22],
[23} are plotted in Fig. 6 {averaging over the photon energy range of 1.4 < E, < 1.8 GeV)
and compared with the high-energy extrapolation [19]. The agreement between the data
and the curve is good for [t| < 0.5 (GeV/c)? and also for the high-t data point. In the
central region, near 0., = 90°, however, the data show an enhancement by an order of
magnitude over the extrapolated curve. We therefore expect that our sensitivity to resonant
photoproduction of the p meson will be enhanced in the region near 6., = 90°.

To study the p photoproduction in the absence of a diffractive background, one can
turn to the charge exchange reaction yp — p*tn. Although the data for this reaction are
sparse, we expect an increase of the interval in ¢ for which the resonant cross section is a

large percentage of the total. This is due primarily to the lowering of the low-t nonresonant

15
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Table 3: Summary of pertinent measurements with near or overlapping kinematics.

Author Reaction E, (GeV) | |t]| (GeV/c)? Detector Polarized? | Tagged?
Criegee [25] ¥p — p°p 1.4 - 3.3 < 0.4 telescopes yes® no
Ballam [12] Jp — p°p 2.8, 4.7 < 1.0 bubble chamber yes® no
Anderson(20] vp— p°p | 5.0-17.8 < 1.1 p spectrometer no no

Clift [21] ¥p — p°p 35 |lu| < 1.4 p spectrometer no yes
Anderson [19] Tp — p2°p 4.0 < 5.0 counters, spectrometer no no
Benz [26] yd— p°d | 1.8-25 < 0.2 bubble chamber no no
ABBHHM [22] | vyp— p°p 14-18 <13 bubble chamber no no
Erbe {23] Tp — p°p 14-1.9 < 1.0 bubble chamber no no
Davier [27] vp—p°p | 20-40 < 0.45 streamer chamber no no
Barber [28] Yp—ptn | 2.8-3.5 < 0.3 spectrometer no yes
Hilpert [24] ¥d—p pps | 1425 < 1.1 bubble chamber no no
Benz [26] vd— pTpps | 1.2-25 < 1.0 bubble chamber no no

“Coherent bremsstrahlung

*Compton backscattering

background compared with that for the yp — p° reaction.

There are many fewer data for charged p photoproduction than for p° photoproduction;
and no experiments at all have been performed with linearly polarized photons. A search for
resonance production decaying via a charged p has been studied only for yn — p;.p [24].
The cross section (for 1.4 < E, < 2.5 GeV) is not at all described by a purely one-pion-
exchange mechanism, and has a plateau above |t| = 1.0 (GeV/c)?, as shown in Fig. 9. A
large enhancement of the cross section, plotted as a function of photon energy (Fig. 10) is
seen in the range 1.5 < E, < 2.2 GeV. This is precisely the region where resonance effects
should be the greatest. We expect the cross section for vp — p*p to be similar to the p-
photoproduction cross section.

A summary of previous measurements that overlap the kinematics we wish to explore is

contained in Table 3.

19




é ‘d--p.pﬂ'ﬂ"
PARTIAL CROSS SECTION (N 9~ BAND
[O8 GaV <M (" %% < 0.9 Gev )
S0 + 7d+p, Py (§~ FRACTION FITTED)
-~ PION EXCHANGE PREDICTION

+i]’H§ 2%

i S |

5
10~

AR

I-—-——q

do/dt [ub/Gevl]
wn

OeS|

11

1 L
00 0.5 1.0 15

1t € Gev?)

Figure 9: Data from Hilpert et al. [24] showing do/dt for 1.4 < E, < 2.5 GeV for the
reaction vd — p~pp,, where p, is a spectator proton.

20



7 241 245 2.9 ECH {(Gev)
i ] { ' T T 1
25'— "’.‘\ :]
i \
- ¢ ] - 2
[ + olpn—epq’) 1t1< 101Gy
" i \ ———— -b00° { HANDDRAWN
! : olyp=rg) "Lverace)
- ] "
20k l‘ I1I —— PION EXCHANGE PRED!CTlOIﬂ
) ]
. ! \ - b
= : || r’ N 7
[} ] ’ \\
- " ‘\\ ’f’ “"'\‘ il
LY hﬁ'"‘"—-- %
a T
15 7
N -
-~ [
a L -
a, |
o ; §
o
R
10 R
1
- ] T
b
e ' n
b
" =
| v ]
¢
St | 7
]
i ] h
¥ v :
1
M AL» _'-1
0 L ! i A l i
1.0 2.0 3.0 (n) L0 Se0
Er {GeV)

Figure 10: Data from Hilpert et al. {24] showing o for —t < 1.1 (GeV/c)? for the reaction
vd — p~pp,, where p, is a spectator proton.

21



4 Acceptances

Extensive background and acceptance studies have been carried out for the ply,prt)m™
and p(v,nr*r°) reactions. The details of these studies are given in Appendix A. Here,
we will summarize the principal results, namely (a) the techniques that we have developed
in distinguishing the reaction yp — p°p from either the primary two-pion (yp — Ar) or
three-pion {yp — wp) backgrounds, and (b) how we extract the underlying density matrix
elements that characterize the 7+ angular distributions.

The primary difficulty in identifying the photoproduced p°p channel is in efficiently sep-
arating p-meson and non-p-meson events without unduly sacrificing the acceptance. The
events were generated uniformly in phase space, Lorentz boosted to the laboratory frame,
and fed into the CLAS simulation program FAsTMC. We generated 50,000 events for both
our signal (p°p) and our background (An and wp) studies. A p—rt coincidence defines
the minimum condition for an accepted event. The overall acceptance for plyv,prt)X is -
approximately 50% (40%) for the two-pion (three-pion) channel for the incident photon en-
ergy range of 1.3 < E, < 2.1 GeV, and is almost independent of magnetic field strength
for positive polarities. We have developed powerful software cuts (see section A.3) which
enable us to identify the p°p channel. In Fig. 11, we overlay the acceptance distributions,
¢ = &(t), of the signal and the sum of the background channels, for the incident photon
energy £, = 1.7 GeV, after all cuts have been imposed. We make the following assumptions

(see section A.5)

a(yp — p°p) o
o(yp — Attr-)

a(yp — p°p) 3
a(vp — wp)

o(yp — Attr) ~ 3

o(vp — A°rt)

We see that in the central ¢ region, the ratio of the signal to integrated background is
9:1. In Fig. 12, we plot the overall acceptance as a function of incident photon energy for
the reaction yp — p°p. We next employed the program GEN_MATRIX_EVENTS [29]
to generate the events in accordance with the differential cross section W (cos 6,9,9). As

has been already noted in eq. 1, this quantity can be expressed in terms of the spin density
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matrix elements p]5. These multiplicative factors govern the angular distribution of the two-
pion decay of the p meson. We refer the reader to section A.6, in which the mathematical
details for the extraction of the density matrix elements is discussed thoroughly. Here, we
simply present the results for the unpolarized case. Preliminary results for the polarized
case are presented in section A.6. From the input density matrix elements provided by
Roberts, we generated the pion distribution in accordance to W({cos¥, ¢, ®). After making
all the necessary Lorentz boosts (both from and to the helicity and laboratory frames), the
particles were fed into the detector simulation program, processed and analyzed, and then
the output density matrix elements were extracted. In Fig. 13, we superimpose the input
(dashed line) and the output (inverted triangles) density matrix elements. We observe that
the output values agree remarkably well with the input. To our knowledge, we are the
first group to have successfully retrieved density matrix elements using simulated data, with

proper error propagation, that take the CLAS acceptance into account.
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5 Experimental Parameters

5.1 Linearly Polarized Photons

Two methods of producing linearly polarized photons in Hall B have been considered. We
propose to use a coherent bremsstrahlung beam. Our collaboration intends to design and
implement such a coherent bremsstrahlung capability in Hall B. One can obtain significant
linear polarizations through the use of a crystal radiator (diamond). The use of Compton
backscattering from a laser [30] will produce a high quality photon beam with high polar-
ization and low systematic errors; however, even by using the frequency doubling technique,
the highest photon energy attainable (1.8 GeV with a 6 GeV electron beam) will only par-
tially cover our region of interest. We will use the Compton source if it is available when
this experiment is scheduled to run, for that part of the experiment for E, < 1.8 GeV, if it
produces improved results for the same amount of beamtime.

The method of coherent bremsstrahlung has been used at S-LAC, Mainz, and other
facilities. For a detailed description of the theory see Ref. [31], [32]. The apparatus necessary
to implement this capability is relatively straightforward: a diamond crystal mounied on a
goniometer placed near to the nominal radiator position. A much more detailed description

of coherent bremsstrahlung is given in Appendix B.

5.2 Count Rate Estimates

We have performed a study [33] to determine the usable tagging rate with a coherent brems-
strahlung spectrum as given by Fig. 14, for both the 4 GeV and 6 GeV incident electron
energy bites. As shown in the figure, the solid line corresponds to the 4 GeV incident electron
coherent bremsstrahlung spectrum with the coherent peak at a maximum at 1.5 GeV. In the
6 GeV electron energy case (dashed line), the coherent peak is at a maximum at 2.1 GeV.

We assume the LH, target to be of length 14 cm and that any v + p event will cause a
CLAS event with 80% probability, independent of energy or multiplicity. We assume that
the event rate will be limited by a total trigger rate of 1 kHz. Data from Refs. [22] and
[23] indicate that the nondiffractive cross section at this photon energy resulting from the
reaction yp — p°p is do/dt ~ 7 pb/(GeV /c)? in the four-momentum transfer squared range

of 0.4 < —t < 1.0 (GeV/c)?. The anticipated number of p° events produced per second
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Table 4: Summary of our count rate calculation. The number of events is calculated for the

four-momentum transfer squared range of 0.4 < —f < 1.0 (GeV/c)?. The real to accidental

rate is constrained to be 2:1.

Eq [GeV] || Tagging Range [GeV] | Tagging Rate [Hz] | Neves [HZ]
4.0 08-1.6 6.0 x 108 10.0
6.0 1.2 - 24 4.5 x 10° 7.5

within this { range is

2 do
Nev s — _(I’Nnuc — At
T3 vt

where the factor 2 is the ratio of real events to (real events + accidentals), ® is the pho-
ton rate, Npua = NapT, p7 is equal to (0.071 g/cm®)(14 cm), .and At has been set to .
0.6 (GeV/c)®. A summary of the results is given in Table 4.

We will bin the data in bins of 50 MeV width in /s and 5° in 6. The c.m. energy spans
approximately 560 MeV for our range in photon energies. Based upon our CLAS acceptance
studies, we will measure the c.m. polar angular region from 6., = 35° to o, = 145°; we
expect the resonance photoproduction is most pronounced in the region between 8. < 65°
and 8., > 115°. Because the count rate outside the central 8, region is 5 to 10 times greater,
we will have sufficient statistics to extract the density matrix elements over | cos 8.m| < 0.8
and hence over a wide range in &.

We will therefore have 242 bins in all: 11 bins in Ay/s and 22 bins in A8y, Foiding in
our efficiency in reconstructing N* events, we will need at least 100 000 events generated
per each bin, near 6., = 90°, in A\/3Af8cy, to ensure meaningful reconstruction of the
angular distributions of the pions in the helicity frame. In Figs. 15 and 16 we plot the model

predictions of Roberts. The error bars reflect the anticipated experimental uncertainties of

5%.

5.3 Beamtime Request

We are requesting two separate data-taking runs; one with a 4 GeV electron beam with the

coherent peak tuned to a maximum polarization at 1.5 GeV and another measurement with
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a 6 GeV beam with the maximum polarization of the coherent peak situated at 2.1 GeV.
Figure 17 shows the calculated beam polarizations expected as a function of photon energy
for both 4 GeV and 6 GeV electron energies. Since the widths of most baryon resonances
are of the order of 150 MeV, it is necessary to obtain data over a broad range in c.m. energy.
With the coherent peaks chosen as in Fig. 17, we will cover a range from below the nominal
threshold for p photoproduction to an energy somewhat above the region where the missing
resonances have been predicted.

We have looked at the option of using a 4 GeV beam for both energy bites. Two points
must be kept in mind: the statistical uncertainty is proportional to the inverse of the square
of the beam polarization, and the polarization for a given electron energy decreases as the
coherent peak is shifted to higher photon energy. This second point is demonstrated in
Fig. 18, which compares the photon polarization from 4 and 6 GeV electron beams with
the peak polarization occurring at 2.1 GeV. In the region between 1.5 and 2.1 GeV, the
average polarization from the 4 GeV beam (~ 35%) is half that of the 6 GeV beam (~ 70%),
meaning that we would have to run four times longer at 4 GeV to attain the same degree
of precision in our measurements.

The difference in polarization between 4 and 6 GeV incident electrons is much smaller
for the lower energy bite, as shown in Fig. 19. The 10% reduction in polarization for the
4 GeV case means that we require two more days, in addition to the nine days needed to

perform the experiment with a 6 GeV beam, to attain the accuracy quoted above.

We request 20 days to run this experiment. We require incident electron energies of 4 and
6 GeV and the CLAS magnetic field set to positive polarity and full strength. We will run at
least one day for each energy with the photon polarization direction shifted by 90° in order
to understand the azimuthal systematics of the CLAS detector. Qur beamtime request does
not include setup time for the coherent bremsstrahlung facility; we estimate that this can be

accomplished in three days of beamtime. Our beamtime request for experimental running

is

1st run: 11 days with E; = 4 GeV
2nd run: 9 days with E; = 6 GeV
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6 Further Experiments

We plan on running with a minimum bias trigger, requiring that only one charged particle
be detected in the CLAS. This will allow other possible experiments, such as

Tp— TN

¥p — P

P — ¢p

TP — wp

to run concurrently with this experiment. This group anticipates participating in future

proposals addressing the physics of these experiments.
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A Acceptance Studies

[n this Appendix, we discuss our studies of the geometrical acceptances for photoproduced
p mesons resulting from ~p reactions in the CLAS detector. This study was undertaken
to determine the feasibility of measuring the helicity frame polar and azimuthal angular
distributions of the decay % as a function of ¢ and /5. In the following subsections we will
demonstrate that our cuts will eliminate 90% of the background, and that we can retrieve
the underlying density matrix elements that characterize the 7+ angular distributions. To
our knowledge, we are the first group to have successfully retrieved density matrix elements
using simulated data, with proper error propagation, that take the CLAS acceptance into

account.

A.1 Event Generator and Detector Simulation

We used the program GEN_MATRIX_ELEMENTS [29] to generate the events. We observe
that the differential cross section is proportional to W(cos#,¢,®). As already noted in
eq. 1, this quantity can be expressed in terms of the density matrix elements phs- These
multiplicative factors govern the angular distribution of the two-pion decay of the p meson.

The density matrix elements derived by Roberts {14] are a function of /3 and t. The
angular distributions of the pions are first calculated, and the event generator determines
the probability density of the helicity frame polar, 8y, and azimuthal, ¢y, angles of the
pions for each ¢ at a given \/s. The helicity frame x% polar and azimuthal angles are then
sampled in accordance to the probability density function W(cosf, ¢, ®). In the helicity
frame, which is also the rest frame of the p° the 3-momentum of the 7~ is equal and
opposite to the 3-momentum of the #*. From these decay pions, we then calculate the
four momentum of the p° in the c.m. frame of the incident tagged photon and the target
proton. The 3-momentum of the final-state proton is necessarily opposite to that of the
vector meson in this frame of reference. We now have complete information about the
four momenta of the three final-state particles (i.e., #t, 7~ and the proton). The pions
are boosted to the lab frame in the direction opposite the z component of the p°, and the
components of the 3-momentum are rotated from the helicity frame coordinate system to
the lab frame via an Euler angle transformation. The proton is likewise Lorentz boosted

from the incident c.m. frame to the lab frame and the final-state particles are written to an
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Table 5: Input parameters for FASTMC.

Target radius 3.17 cm
Target length 14 em
Target material liquid hydrogen
Container thickness 0.543 cm
Container density 1.25 g/cm?®

Radiation length of container | 33.3 cm

Spot size of photon beam 1.0 cm (rms)

No vertexing the tracking does not include the vertex

as a constraint

Uncertainty in momentum | positional measurement uncertainty and

multiple scattering terms included

B field +B., full field, positive particles bend out

output file for each event. These Jevents, in turn, are fed into the CLAS detector simulation
package, FASTMC_GEN (34]. FasTMC_GEN incorporates almost all of the routines of
FastMC [35], with the added feature of neutral-particle and photon detection. FASTMC is
a parametric Monte Carlo code that renders a realistic representation of the geometry and
mass composition of the CLAS detector. This Monte Carlo package includes such effects
as particle decay, multiple scattering, dE/dX losses, detector efficiencies, and geometrical
acceptances. The user may select several input parameters, which include strength and
polarity of the toroidal magnetic field, rms width of the photon beam, and dimensions and
type of target. The input parameters listed in Table 5 were based upon the Saclay target
blueprints, and we have included the contributions from the carbon fiber beampipe and the

beam bucket identifier scintillators [36] as well.

A.2 Analysis and Acceptance

After the events have been processed through FASTMC_GEN, we are in the position to study

the acceptance as a function of our cuts. Qur primary objective is to determine the angular
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distributions of the decay pions in the helicity frame. By comparing the measured density
malbrix elements with the input values, we are able to determine how well we will be able to

reconstruct the true angular distribution of the pions.

A.2.1 Charged Particles

For a particle that is tracked through the three separate drift chambers. and deposits energy
in a TOF counter, we can calculate its mass from the relativistic relationship,

1 - g
B

m* = |p]*

where

Here, £ is the path length to the TOF counter and At is the particle’s time of Hight. For
this study, we folded At with a gaussian o, of between 100 and 200 picoseconds, depending .

upon which counter was hit.

A.2.2 Neutral Particles

FASTMC_GEN uses the routine Neutral_Smear to account for measurement uncertainty in
reconstructing the 4-momentum of neutrals that are detected in the electromagnetic shower
counters. We are primarily concerned with detecting neutrons or gammas; all other neutral
particles will have long since decayed before reaching the electromagnetic shower counter.
For further details see Ref. [34]. We note, furthermore, that photons and neutrons can readily
be separated in the electromagnetic shower counters by their markedly different signa;l-s (37].
The uncertainty in the rms timing was set to 1 ns. In Fig. 20, the g distribution for
the photons and neutrons resulting from the reaction v + p — pt + n are superimposed
(Ey = 1.7 GeV and B/B, = +0.25). We observe that the 3 distributions of the neutrons
and photons are clearly distinguishable, and a S-cut of 3 = 0.85 will suffice to separate the

neutrons from the photons.

A.3 Identification of the Neutral Rho Channel

In the reaction v + p — p° + p, there are three charged particles in the final state, i.e., 7™,

7, and the proton. Below we enumerate the selection criteria:
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. Only two positively charged particles in the final state. The particles are mass iden-
tified and the calculated masses are consistent with the masses of a proton and a =+,
That is to say, these particles are detected in the wire chambers, deposit energy in a

TOF counter, and have reconstructed masses consistent with particle type, where

T m? < 0.10 (GeV/c?)?
proton: m? > 0.65 (GeV/c?)?

- x” cut. If the missing mass squared, m?2, calculated from the four momenta of the
proton and #¥, is within the range of ~0.05 < m? < 0.09 (GeV/c?)?, we keep the

event
my = (Ey + mug — By — Ept ) = (p2 4 9% )2 = (0¥ + p¥4 )? ~ (py — Py — Pas )’

. p° cut. If the invariant mass squared calculated from the four momenta of the 7+ and -

7~ is consistent with the p-meson mass, 0.38 < m2, _ < 0.80 (GeV/c?)?, we keep the

event.

. A** cut. We discard events that have invariant masses calculated from the tp pair

consistent with the A** mass, 1.26 < m2, < 1.80 (GeV/c?)%.

. A% cut. We discard events that have invariant masses calculated from the T~ p pair

consistent with the A° mass, 1.26 < m2_ < 1.80 (GeV/c?)2.

In Fig. 21 we plot the acceptance as a function of £, and t after all the above cuts have been

imposed. We see the acceptance increases markedly as the energy of the incident photon

increases. At E, = 1.4 GeV, the acceptance ¢ already is 0.11, and as the incident photon

energy increases to 1.7 GeV, € more than doubles.

A.4 Optimal Magnetic Field Setting

We studied the acceptance as a function of the magnetic field setting. We found that setting

the field to maximum strength, with positive particles bending away from the beam, does

not drastically alter the particle detection efficiency.
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e = &(E,.t) after all cuts. (B = +B,)
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Figure 21: Acceptance plotted as a function of four-momentum transfer squared, —t¢, for
four different incident photon energies.
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We define the acceptance in the usual way:

NFLCC

E =
Ngen

where Ny, is the total number of events generated and N, . represents the numbers of events
accepted alter passing all cuts. Furthermore, the acceptance depends upon the incident

tagged photon energy F, and upon hoth the strength and polarity of the toroidal field of
the CrLAs.

—~

e =¢(k,, B)

For these acceptance studies, 50 000 events were generated. We binned the acceptance in

terms of

o E,: 1.5, 1.7, 1.9, & 2.1 GeV

o B field: The magnetic field was set to —0.25, 4-0.25, +0.50, +0.75, & +1.00 times the .

nominal field strength.

[n Table 6 we tabulate the number of events accepted under four separate cuts as a function
of magnetic field setting and incident photon beam energy. Here, CutA means the first cut,
i.e., the 7% and proton are mass identified in the event. CutB means events passing CutA
with the addition constraints of (a) the missing mass being consistent with the mass of a
pion and (b) the invariant mass of the 77~ pair falling within the fiducial mass range of
the p meson. CutC describes events which satisfy the conditions for CutA and CutB, and
the invariant mass of the 7*p pair is not consistent with the mass of the A*+. Similarly,
CutD is for accepted events which satisfy the selection criteria for CutA, CutB, and CutC,
with the added condition that the invariant mass of the 7~ p pair not be consistent with the
mass of the A°. In Fig. 22a-c the acceptance as a function of incident photon energy under

these cuts is plotted.

A.5 Background
A5.1 ~p— Arx

The primary source of 2x background will come from v+ p — A(1232)r — Nxw. There

are two reactions through the A channel that lead to a 7+ r~p final state:
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Table 6: Acceptance of ¥ + p — p° + p events. See text for definitions of the cuts (50 000

events generated).

E, =15 GeV E, =17 GeV

[ B/B. | CutA] CutB| CutC| CutD | Cuth ] CatB | Curc | Cob
~0.25 | 24236 | 23090 | 15071 | 8116 || 24852 | 23597 | 17850 | 11717
+0.25 || 24613 | 23516 | 16096 | 8161 || 25092 | 23999 | 17978 | 11760
+0.50 || 24484 | 23420 | 15025 | 7975 || 25038 | 24106 | 18005 | 11759
+0.75 || 24301 | 23175 | 15838 | 7950 || 24837 | 23879 | 17874 | 11643
+1.00 || 24074 | 22914 | 15736 | 7922 || 24640 | 23622 | 17792 | 11606

E, =19 GeV E, =21 GeV
B/B., CutA| CutB| CutC| CutD | CutA| CutB| CutC| CutD
—0.25 || 25177 | 23675 | 18994 | 14128 || 25266 | 23535 | 19700 | 15832
+0.25 || 25342 | 24040 | 19120 | 14167 || 25436 | 23892 | 19843 | 15871
+0.50 || 25305 | 24314 | 19192 | 14077 || 25429 | 24378 | 20114 | 15792
+0.75 || 25127 | 24139 | 19203 | 14123 || 25263 | 24211 | 20052 | 15730
+1.00 Jf 24926 | 23883 | 19148 | 14028 || 25069 | 23943 | 19994 | 15678
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2. y+p o A° 477

The ratio of these cross sections can be written

_alyp o mm Aty T(yp = rm A

R= ==
alyp = w+A%)  |T(yp — m+A%)[?

and we note that based on isospin arguments [38], B = 2 for the intermediate resonance

3
4
A(I=2), and R = 3 for the intermediate resonance N*(] = 1). The A® background will
therefore need to be taken into account.

We employed the program GEN_EVENT [39] to generate the A** reactions. The mass
of the A** is Breit-Wigner distributed, and once the isobar mass is fixed, the A*+ and
7~ are distributed uniformly in phase space via the Cernlib program GENBOD. The decay

products of the A** are then distributed in the A** rest frame by employing the formula

do
— = A 2
0 + Bcos@ 4+ Ccos*f

where the coefficients A, B, and C are energy dependent and were taken from Ref. [40]. The
algorithm for generating the events arising from the photoproduced A°® channel is similar to
the A** case.

In Table 7 we tabulate the number of A background events that survive the v~ and p°
cuts (see subsection A.3). Imposing the AT*/A° cut eliminates 96.0% of the background
in the energy range of 1.3 < E, < 2.1 GeV (see Fig. 23a). Since the cross section for the
reaction yp — A**x~ is approximately 5 ub at |t| = 0.4 GeV? [22] in the energy range of
1.4 < E, < 1.8 GeV, as compared to 10 pb at this value of |{] for photoproduced p° mesons,

the two-pion background will pose only minor problems for this experiment.

AB5.2 ~vyp—o wp

The primary source of the 3= background will come from photoproduced w mesons. In
Table 8 we tabulate the number of events that survive our various cuts (see subsection A.4
for the definitions of the cuts). In Fig. 23b we plot the background acceptance as a function

of cuts imposed and incident photon energy. We note that

olyp ~wp) 1

o(yp— p°p) ~ 3
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Figure 23: Background events that survive the acceptance cuts: (a) two-pion background
arising from yp — Ax and (b) three-pion background arising from yp — wp.
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Table 7: Acceptance of ¥ + p — Aw events. See text for definitions of the cuts (50 000

events generated).

E, p — Attw- p — A°rt
[GeV] || #~ cut | A** cut || 7= cut | A® cut
1.3 11171 880 | 12004 856
1.5 11279 1707 || 12306 1732
1.7 9887 1653 11243 1895
1.9 8725 1508 10238 1836
2.1 7835 1354 9334 1775

at £y = 2.8 GeV [12], [41]; thus, imposing all cuts, we see that the three-pion background .

will present absolutely no problems.

A.6 Retrieval of the Density Matrix Elements

Because the acceptance is not a strong function of the magnetic field strength for positive
polarities, we chose B = +B, to minimize the uncertainty in the three momentum and
maximize the detection of positively charged particles.
Before imposing the selection criteria on the event, we rotate and boost the pions to the
helicity frame. We then calculate the probability density for a given A cos fyAdy bin
N 1

W4 (cos 8, @) = Nf:: x A cos fyAdy

gen

We next impose our cuts on particle identification, 7~, p°, A*+, and A° mass, and count

the number of events per each bin in A cos fyAdy. Our efficiency can now be written:

i
€= Na.cc
[i
Ng’ln

and we have (for ¢ # 0)

_ Ni, 1

W'(cos 8
(cos 8, ) e Nt X A cos OyAdy
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Table 3: Acceptance of v +p — wp events. See text for definitions of the cuts (50 000 events

generated).

E, [GeV] || CutA{ CutB | CutC | CutD
1.3 20277 712 | 324 77
1.5 21258 | 698 | 400 | 208
1.7 21844 | 742 | 490 | 360
1.9 22019 | 831 | 576 | 451
2.1 21984 | 888 | 633 | 532

We note that

£ = E(\/E,t,COSGH,¢H)

Figure 24 shows a 3-dimensional depiction of W{cos#, ¢) before cuts are imposed, for
v =1.90 GeV and 0.8 < || < 0.9 (GeV/c)®. Figure 25 shows the effects of imposing the
various cuts on the angular distribution of the events in the helicity frame. As a matter of
comparison, the events surviving the A cuts for the reactions yp — A**tr~ and vp — A°xt
are plotted in Fig. 26.

We can now solve for the various p};s. First we observe that for ® = 0, the angular

distribution can be written in the following form (cf. eq. 1)

%W” = C* + fi1sin? @ + foocos® @ + frosin 26° cos ¢ + f1_y sin® 8 cos 2¢7

Here, all angles are measured in the helicity frame, and the superscripts i (j) refer to
the 7th (jth) bin in 8y (¢u). For linearly polarized photons, the angular distribution can be
decomposed into three terms, W(cos 8, ¢,®) = W° — P, cos 2@ W' — P, sin2® W?2. Because
the structure of W and W' share cos? 8, sin 20 cos ¢, and sin” § cos 2¢ terms, the density
matrix elements ply, Reply, and pl_, cannot be uniquely determined unless we already
know pgy, Reply and pf_;. Therefore, we first determine the density matrix elements for the

unpolarized case, and then use these values to constrain the density matrix elements that
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W(cos0,¢) Cuts in the Helicity Frame for yp —> 0%
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arise from linearly polarized photons.

This equation is of the form A -f = b where A is a matrix (not necessarily square), and f
and b are vectors. In order to solve for f, we must invert the matrix A. In Fig. 27, we plot the
A cos fyAdy bins containing at least 40 events, and having at least a 10% acceptance after
selection criteria 1 through 5 are imposed for the unpolarized photon case. As an example,
we generated 100 000 events in the range 0.8 < —¢ < 0.9 (GeV/c)? with /s = 1.90 GeV
(Acosfn = 2/25 and A¢y = 2x/40, or 1000 bins in all). With these cuts, we still have over
100 equations for the three unknown density matrix elements, py, Rep%, and p%. In order
to solve this overdetermined set of linear equations and avoid singularities, we employed the
technique of Singular Value Decomposition (SVD) [42] to invert A. We found the solutions
to be robust under alteration of the cuts; the values of the density matrix elements did
not vary by more than a few percent. In Figs. 13a—c, we superimpose the retrieved density
matrix elements onto the input density matrix curve arising from an unpolarized photon of
energy 1.557 GeV (/s = 1.95 GeV), plotted as a function of t. These retrieved spin density
matrix elements are in excellent agreement with the input values.

For our studies of extracting the density matrix elements arising from a linearly polarized

photon, we fixed the following parameters:

V5 =1.90 GeV (E, = 1.455 GeV)
Polarization = 0.60

Polarization vector parallel to reaction plane (® = 0°)

We have retrieved the density matrix elements for a few values of ¢ (see Figs. 28a-d).

A.7 Identification of the Charged Rho Channel

The identification of the p* channel is much more difficult than the p° one because there are
three neutral particles and only one charged particle in the final state. Below we enumerate

the selection criteria for the charged rho reaction:

1. Three neutrals and one positively charged particle in the final state.

2. Two photons measured in the electromagnetic shower counter.

53



@ [degreesl

0.8 < -t <0.9(GeV/c)’, Vs = 1.90 GeV, ¢ = 0" and P, = 60%

o B EEERE R
350 = &
: i
300 | o I
| B 2 BB
L ;:;;;:
_ B3
i 2 B
£ BB RIS = B
250 - R
B - )
- B3
200 -
| =
| DEREER®
BRI o a o
: B
150 -
B =
» = B
| = B e
B B B B2
100 - B =
S0
I =
I B @ @
0 |lllllllllilllllllllI!liqplmmlmllllll
-1 -08 -06 -04 -0.2 0 0.2 0.4 0.6 0.8 1

cosO
Figure 27: Accepted rt events in the helicity frame after cuts 1 through 5 are applied. Each

bin is required to contain at least 40 events and the bin acceptance is required to exceed
10%.

54



Q

1

pa.ﬂ

]
©
o
a

value of
i
o

-0.15

-0.2

—-0.25

-0.3

1
value of pg,
o ©
o & L ©
o g - N

i

L ©
© o
S

—-0.15

|
©
o

(60% Polarization ¢ = 0) vs

1 ]
! I
{
- I
| {
\ /
- \ ,
a N v
- V- ’
\ Fd
i N
| (a)
1 1 E 1 1 1 I 1 1 1 1
0 0.5 1 1.5
~t [(GeV/c)
_':_— M-‘l
- 1
= / )
[ /
- f
- 7T /
[ ’ AN ,’
L / \___,_ .
| / 7.
C i /
il | Y
— \
| (o)
- 1 1 l 1 1 1 I 1 1 | 1
0 0.5 1 1.5

—t [(GeV/c)

0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05
0
—-0.05
-0.1

0.2
0.15
0.1
0.05
0
-0.05
-0.1
-0.15
-0.2
-0.25
-0.3

= 1.90 GeV
S IR S
- AY ? 1
= ) ! '
= aut
E_ \ le_ ‘1
= ' ! |
3 ‘\ { {
¥ i
E_l \\ .'V,J-v— }
E: \ ' l.
- Ay
RO
E 1 1 | 1 i 1 | I 1 | 1 1
O 0.5 1
—t [(GeV/c)*

—_ P } -V-v-\ \\
I V- .
— P Ir
- ! \
- \
- \
| 1
[ 4
i

I
- | (d)
i 1 I 1 1 1 ] i | I 1 i
0 0.5 1

1.5
—t [(GeV/c)?]

Figure 28: Retrieved density matrix elements after processing events through FastMC super-
imposed on input curve: (a) pi;; (b) plo; (c) Reply; and (d) p!_,. The vertical lines denote
the region of acceptance. The analysis is preliminary. We expect much better agreement

upon application of more sophisticated mathematical techniques.

95




Table 9: Acceptanceof v+p — p* +n events. See the text for definitions of the cuts {50 000

events generated).

E, = 1.7 GeV E, =19 GeV E, = 2.1 GeV

B/B, || Cutl | Cut2 | Cut3 || Cutl | Cut2 | Cut3 || Cutl | Cut? | Cut3
—0.25 || 2054 | 1347 | 1108 | 1827 | 866 | 1221 || 1223 | 609 | 1061
+0.25 || 2115 | 1411 | 1166 || 1850 | 864 | 1228 || 1251 | 655 | 1079
+0.50 || 2050 | 1312 { 1132 §j 1629 | 950 | 1203 | 1227 | 619 | 1055
+0.75 || 2060 | 1342 | 1111 || 1558 | 906 | 1133 || 1274 | 636 | 1097
+1.00 || 2044 | 1377 | 1111 |} 1574 | 896 | 1149 || 1252 | 654 | 1090

3. One neutron in the electromagnetic shower counter.
4. =% mass identified.

5. A pt cut of 0.38 < m?2, , < 0.80 (GeV/c?)2

rt g0

In Table 9 we tabulate the number of events accepted under three separate cuts as a
function of magnetic field setting and incident photon beam energy. Here, Cutl means the
above five cuts. Cut2 signifies events satisfying the conditions of Cutl and both of the

following:

o —0.05 < m2 < 0.09 (GeV/c?)?, where m, is the missing mass from the neutron and

nt.

mi = (E'v + Mproy — En — Ear+)2 - (P: + P+ )2 - (Pfl + Pfr+ )2 - (P-r — P — Pi+ )2
o —0.05 <m? <0.09 (GeV/c?)?

The purpose of the mass cuts on both m? and m2_ is to minimize 27° background. In
Fig. 29 the acceptance as a function of incident photon energy and magnetic field setting

under Cut2 is plotted. Cut3 means events passing Cutl and having four momentum transfer,
[t| > 0.5 (GeV/c)2
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Figure 29: Acceptance of yp — p*n. All three neutral particles and one final-state charged

particle are measured as functions of £, and B/B,. Cut2 applies (see text)
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We have not yet studied the angular distributions of the 7+ in the helicity frame resulting
from p* decay. The analysis of extracting the density matrix elements of the decay products
of p* mesons will be identical to the p° case. However, because of the expected reduced
cross section of photoproduced p* mesons (approximately one third that of the p° mesons),
and the acceptance being decreased by a factor of ten, it will be more difficult to extract
the density matrix elements for the p* than for the p°. However, since no data exist for

7p — npt, even coarse binning will yield important results, and we still will be able to

determine precise values for the asymmetry I.

A.8 Status of the Acceptance Analysis

Simply using the SVD technique to invert the matrix of the overdetermined system of
equations gives us the pJ; with an analysis uncertainty of only a few percent. However,
this technique is not ideal for the linear polarized case, since uncertainties as large as 30%
come into play. We are presently studying other mathematical means of extracting the
density matrix elements for the linear polarized case. In particular, we are investigating
the techniques of maximum entropy and neural networks. The former technique has had
considerable success in image processing, and the latter has been successfully employed in
pattern recognition and track reconstruction. We fully expect to reduce the discrepancy
between the retrieved and input density matrix elements for the linearly polarized case to

the 10% level or better upon application of these (or other) more refined mathematical

methods.
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B Photon Polarization by Coherent Bremsstrahlung

The spectrum of a photon beam produced coherently from a crystal radiator has several
distinguishing characteristics compared with incoherent bremsstrahlung. The spectrum ex-
hibits discrete peaks of high intensity, with strong linear polarization within the peaks. The
multiplicity of peaks results from coherent bremsstrahlung from more than one reciprocal
lattice vector in the crystal. In order to obtain the best linear polarization, it is necessary
to choose a crystal with a well isolated lattice vector, and orient the crystal so that one
peak is maximized and contributions from other lattice sites are minimized. Another char-
acteristic is that the angular distribution of the coherent photons is correlated with photon
energy such that tight collimation can be used to reduce the incoherent background without
significantly affecting the peak of the coherent spectrum.

Data from SLAC, shown in Fig. 30 [31], show an intensity spectrum produced by a
19.7 GeV electron beam incident on a 47 um thick diamond crystal. The large coherent -
peak at 10 GeV corresponds to the (0,2,2) lattice vector; several smaller peaks can be seen
at higher energies, corresponding to other lattice vectors [primarily (0,4,4) and (0,8,8)].
This satisfies our requirements for a well isolated coherent peak. We plan to use a thinner
(10 pm) diamond crystal as the radiator oriented to maximize the contribution from the
(0,2,2) lattice vector, because a thinner crystal will produce a spectrum less contaminated
by coherent bremsstrahlung from the other crystalline directions.

The energy of the coherent peak is related to the longitudinal projection of the reciprocal

lattice vector by
m2z(l 4 6°%)
2E0(1 - .’l:) ,

where 8 is the divergence angle of the coherently produced photons, Ej is the electron energy,

qe =

m is the electron mass, and z = k/Ej is the fractional photon energy. The maximum frac-
tional energy that can be obtained for a given crystal orientation is related to the minimum
longitudinal momentum by setting 6 = 0. In Fig. 14, we show the results of our Monte Carlo
calculation [43] for coherent bremsstrahlung from the (0,2,2) lattice in a 10 pm diamond
crystal. The spectrum shows a cutoff of the coherent peak at 1.7 GeV corresponding to the
maximum fractional energy for the assumed crystal orientation. The input parameters for

our calculation are given in Table 10.
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Figure 30: Coherent bremsstrahlung spectrum from SLAC with a 19.7 GeV electron beam
and a 47 pm diamond crystal radiator. The measured intensity distribution of the (a)
10 GeV setting and (b) 14 GeV setting.
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Table 10: Input Parameters for Coherent Bremsstrahlung Monte-Carlo Calculation.

Electron Energy 6 GeV
Energy spread (dE/E) 5 x 107°
Horizontal beam diameter 5x107* m
Horizontal beam emittance 4 x 107° m-rad

Vertical beam size 5x 107 m
Vertical beam emittance 4 x 107° m-rad
Beam current 100 nA
Beamtime 1 second
Crystal thickness 10 gm
k| Emax 0.283
Angle of (0,2,2) lattice vector from vertical 873 prad
Azimuthal angle of (0,2,2) 90°

The energy (or Zmax) at the peak of the coherent spectrum can be tuned by the choice
of the crystal orientation. The lower the z,,,, value chosen, the higher the degree of linear
polarization within the coherent peak. The maximum fractional photon energy can be
lowered either by orienting the crystal so that the peak appears at a lower photon energy
(decreasing q¢), or by increasing Fy. In Fig. 31, we show a comparison of polarization
spectra obtained by 4 GeV and 6 GeV electron beams, with k_,, for both cases constrained
to be 1.7 GeV. The enhancement in polarization going from a 4 GeV to a 6 GeV beam for
E, =17 GeV is from 0.5 to 0.73.

The direction of linear polarization, specified by the £ orientation of the photon, can be
changed by rotating the diamond crystal. This is important in a 47 detector such as CLAS,
in order to reduce systematic uncertainties. Earlier counter experiments using linearly po-
larized beams used the technique of changing the crystal orientation to the (0,2,~2) lattice
vector {located 90° relative to the (0,2,2) lattice vector| in order to change the direction of
the photon spin orientation and to extract the polarization asymmetry ¥ [44]. The asym-

metry depends upon the angle ¥ = ¢y — @, where ¢n is the azimuthal angle of the n+ in

61



E0= 6 GeV, Xma = (.2833
.............. E_ = 4 GeV. X max 0. 4250
0.8 F |
,’/1‘
/o
/ \'
0.6 | ] i
c
/o
K ! )
N L
E / q
=
Q
Q.
0.4 L ]
f
T
| i R . \ , N X R
1.5 2.0 2.5

Photon Energy (GeV)

Figure 31: Comparison of polarization spectra from 4 and 6 GeV beams from our simulations.

The diamond crystal has been oriented for both cases to give the maximum coherence at
1.7 GeV. 62



the helicity frame and @ is the azimuthal angle of the photon polarization vector. Wiih
CLAS, we are able to sample ¢ = 0° and ¥ = 90° simultaneously, as well as all other angles
in between. However, we also plan to change the polarization direction during the running
of the experiment in order to reduce any remaining systematic uncertainties from CLAS.

in its most basic design, a coherent bremsstrahlung facility is relatively simple to imple-
ment. A supply of thin diamond crystals needs to be obtained. Although the crystalline
structure of the diamond may be degraded after prolonged exposure to the beam, the low
beam currents expected in Hall B will ensure that the lifetime of a given crystal will ex-
tend well beyond the running time of any particular experiment. We calculate that for a
100 nA electron beam with a 0.5 mm (o) diameter spot size, the lifetime of a 10 pm thick
crystal should be 24 days. We will also need to procure a precision goniometer with three
rotational degrees of freedom and with a z-z translational capability. The goniometer will
need an 11 urad step size; this precision will enable the energy of the coherent peak to be
moved in 15 MeV steps. The goniometer and diamond crystals can both be purchased at
a relatively modest cost. The Hall B beamline working group is aware of the (minimal)
requirements of the coherent bremsstrahlung facility in terms of space near the radiator and
the size of the beampipe needed to accommodate the goniometer.

Two technical challenges remain. First is the question of more restrictive collimation.
As mentioned above, the coherent part of the photon beam is more forwardly focused than
the incoherent part. With very tight collimation, on the order of one characteristic angle
Oc (at 6 GeV, 6 = 90 prad), corresponding to an aperture size of 1.4 mm, 8 meters
from the radiator, a large part of the incoherent spectrum can be suppressed. The result
1s an increase in polarization under the coherent peak, since the incoherent background
reduces the polarization. The collimator now planned to be installed in the beamline would
collimate only to § = 620 urad. The primary difficulty in using a small aperture collimator
is devising a reliable method to align the collimator along the # = 0° axis. This problem
has been addressed satisfactorily at SLAC where a 2 mm diameter collimator has been
aligned along the beam 90 meters from the radiator. In Fig. 32 are plotted two polarization
spectra, one showing the polarization with tight (1 mm aperture) collimation and one with
the anticipated standard Hall B collimator. The tight collimation results in a substantial

increase in polarization, from 0.73 to 0.93, at the peak. This increased polarization will
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Figure 32: Comparison of polarization spectra at Ep = 6 GeV, showing the effect of tight
collimation (1 characteristic angle) compared with that for the expected Hall B collimation.
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allow us to decrease the bin size and thus heighten our sensitivity to small effects. For this
reason, we will use a photon beam collimated to 1 characteristic angle. One option we are
investigating is placing the crystal radiator 10 meters upstream from the normal radiator
position, i.e. 18 meters distant from the collimator. The effect from the optics of the tagging
magnet would be small and the size of the collimator hole could be increased to 3.2 mm.

The second technical challange that must be met, common to all polarized-photon exper-
iments, is the method of determining the polarization. We will discuss three methods. For
our experiment, we will take advantage of the nature of diffractive p° production by looking
at very low-t data where the large diffractive cross section has been determined to have a
polarization asymmetry of £ = | for a polarized beam with P, = 1. For other polarizations,
¥ is proportional to the reciprocal of the beam polarization. This method of determining
the polarization has been used with success by Diambrini-Palazzi et al. [47); they cite a 2%
uncertainty in the beam polarization. We expect to attain a comparable uncertainty in the
beam polarization. A second method is based upon the phenomenon of triplet production
in the electron-positron creation process. In the photo-creation of an electron-positron pair
in the electric field of an electron, the azimuthal distribution of the recoil electrons is cor-
related with the linear polarization of the incident photons [45]. The recoil electrons with
large angles and energies of several MeV are easily measured. A polarimeter of this sort has
been built by the Tokyo group [46] for use with a coherent bremsstrahlung photon beam
and a photon tagger. Although they were limited in their statistics due to the 10.5% duty
factor of the accelerator, their initial results were encouraging. A third less satisfactory
method is to calculate the polarization spectrum from the well-known formulas for coher-
ent bremsstrahlung and compare the calculation with the spectrum obtained in the tagger.
This method has been used in the past (e.g., Ref. (31]) but has the disadvantage of being
model dependent and large systematic uncertainties will result,. However, the data from the
tagger will come free of cost and this method will serve as a check for other polarization
determinations.

The physics goals of this experiment can be achieved by using a coherent bremsstrahlung
source, and we have chosen to pursue this approach because we feel it has the greatest
probability of succeeding. Our collaboration, in fact, will take a leading role in the de-

sign, construction and implementation of all aspects of the coherent bremsstrahlung facility.
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However, recent developments in mirror and laser technology give reason for optimism that
the Compton-backscattering source proposed in the update to LOI-93-12 [48] will be able
to deliver 10%/s/MeV ¥'s at energies up to 1.8 GeV. If successfully implemented, this source
would provide a photon beam of high and precisely known polarization from threshold to
1.8 GeV, would have a tagging efficiency approaching 100%, would be essentially free of
backgrounds and untagged photons, and would make possible asymmetry measurements of
high precision across a useful range of kinematics. We will use the Compton source if it
is available when this experiment is scheduled to run, for that part of the experiment for

E, € 1.8 GeV, if it produces improved results for the same amount of beamtime.
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